polymers, and castor oil ethoxylates (Hochburg, 1996). These surfactants typically comprise 5 to 10% (50 to at the same pressure as soil containing surfactant. These findings indicate that surfactant-induced changes of interfacial properties may be an important factor influenc-S urface-active agents (surfactants) are used extening water flow and retention in unsaturated soils. sively in detergents, industrial processes, household
results in a lowering of both the surface tension of water tics were observed at surfactant concentrations above the CMC. The and the contact angle between the solid and aqueous experimental results were used to develop and evaluate alternative phases (Rosen, 1989) . Therefore, the water holding cascaling approaches to describe concentration dependent changes in pacity of soils is likely to decrease in the presence of soil water characteristics based on the van Genuchten model. A scaling surfactants. This phenomenon could increase the depth factor that incorporated both surface tension and content angle relaof infiltration during spray events, and create a positive tionships provided accurate predictions of soil water retention curves pressure gradient between regions of surfactant-rich and over a range of surfactant concentrations. A simplified form of the surfactant-free soil water (Tschapek et al., 1981 (Tschapek et al., , 1991  scaling factor also was developed, on the basis of a single fitting . Karkare parameter without the need for surface tension and contact angle data. Although further validation of the simplified scaling factor will and Fort (1993) reported that soil water content was be required, this approach offers an efficient means to describe the substantially altered in the presence of surfactants, with effects of concentration dependent changes in interfacial properties higher water saturations observed in surfactant-free soil on soil water characteristics.
at the same pressure as soil containing surfactant. These findings indicate that surfactant-induced changes of interfacial properties may be an important factor influenc-S urface-active agents (surfactants) are used extening water flow and retention in unsaturated soils. sively in detergents, industrial processes, household
Although the potential effects of surfactants on soil products, and pesticide formulations. As a consequence water characteristics have been discussed in the literaof their widespread use and frequent resistance to bioture, only limited research has been conducted to didegradation, surfactants may persist in wastewater treatrectly quantify the influence of surfactants on capillary ment systems at relatively high concentrations (Wagener pressure-water saturation relationships. One of the most and Schink, 1987; Holt and Bernstein, 1992; Zoller, commonly used soil water retention relationships was 1994; Moreno et al., 1994) . Subsequent land application developed by van Genuchten (1980) : of wastewater treatment effluent and sludge as a source of irrigation water and nutrients can result in the indirect Ϫ r s Ϫ r ϭ 1 (1 ϩ |␣h| n ) (1Ϫ1/n) [1] release of relatively large quantities of surfactant to the environment, particularly in developing countries. In where ␣ and n are fitting parameters, h is the capillary addition, almost all herbicide formulations require some pressure head (m), is volumetric water content (m 
interest (J m Ϫ2 ), and h 0 and h 1 are the capillary pressure were to (i) experimentally determine soil water retention characteristics as a function of surfactant concentraheads reference solution and the solution of interest (m), respectively. The scaling relationship given in Eq. tion; (ii) evaluate the utility of several possible scaling approaches for use with the van Genuchten (1980) equa-[2] was incorporated into a numerical model to illustrate the potential effects of a 7% n-butanol solution on untion; and (iii) develop a simplified scaling approach that can be employed in the absence of surface tension and saturated water flow (Smith and Gillham, 1994) . More recently, Smith and Gillham (1999) conducted laboracontact angle data. For the experimental phase of this study, soil water characteristics of a reference sand (Ftory column experiments and numerical modeling studies to investigate the effects of concentration dependent 70 Ottawa sand) and Appling soil were determined in the presence of a representative nonionic surfactant changes in surface tension on unsaturated water flow and solute transport.
(Triton X-100). Surface tension and contact angle data were measured independently over a surfactant concenCapillary pressure-saturation relationships for twophase, organic liquid and water, systems are frequently tration range of 0 to 2.0 g L Ϫ1 . Triton X-100 was selected for study because it is widely used as a detergent and derived from soil water retention data (air and water) using a modified form of the Leverett (1941) function as an adjuvant for pesticides and herbicides, exhibits toxicity toward aquatic species and is persistent in the (e.g., Morrow, 1976; Lenhard and Parker, 1987; Kueper and Frind, 1991) .
environment (Narkis and Ben-David, 1985; Ahel et al., 1994; Renner, 1997 (Rosen, 1989) . All aqueous surfactant (1997a,b) investigated the effects of octanoic acid specia- , which is indicative of Newtonian betaining nonionic surfactants.
havior.
Surface tension and contact angle are strongly dependent on surfactant concentration, and have been shown Surface Tension and Contact Angle to decline sharply until the CMC of the surfactant has
The surface tension of aqueous surfactant solutions, ranging been reached (Rosen, 1989) . For this reason, scaling in concentration from 0 to 0.75 g L Ϫ1 Triton X-100, was deterfactors used to describe soil water retention characterismined by the du Nouy ring method. The apparatus consisted tics in the presence of surfactants must account for conof a Cahn DCA 322 dynamic contact analysis system (Thermocentration dependent properties of the system, and
Haake, Paramus, NJ) connected to a personal computer. A should be applicable at surfactant concentrations above platinum-iridium du Nouy ring was immersed in the test solution and then retracted through the gas-liquid interface. The and below the CMC. Thus, the objectives of this study surface tension of the solution was calculated from the force measured with a water manometer, while pressures ranging required to pull the ring through the interface, using a correcfrom 10 to 100 kPa (1 to 10 m H 2 O) were recorded directly tion factor which incorporates the dimensions of the ring and from a pressure meter installed in the manifold. At each pressolution density. Prior to use, the platinum-iridium ring was sure increment, the cell was removed from the apparatus and placed in a flame to oxidize contaminants. the soil water content was determined gravimetrically by a Contact angles between aqueous surfactant solutions and digital balance with a resolution of Ϯ 0.01 g (Model PB 3002, solid surfaces were measured using a goniometer microscope Mettler Toledo, Columbus, OH). Equilibrium conditions were equipped with a CCD camera and lens assembly (Ramè -Hart, assumed when the weight difference of the cells over two Inc., Mountain Lakes, NJ). Glass (Superfrost pre-cleaned, consecutive days was less than 0.1 g. To determine the moisture Fisher Scientific, Pittsburg, PA) and quartz microscope slides content of F-70 Ottawa sand and Appling soil at a pressure (Technical Glass Products, Inc., Painesville TWP, OH) were of 1500 kPa (150 m H 2 O), pressure plate measurements were utilized as the solid surfaces. Contact angle measurements conducted following the methods described by Klute (1986) . All were obtained using a sessile drop method and a captive air soil water retention experiments were performed in duplicate. bubble method. For the sessile drop method, a quartz or glass Experimental moisture release curve data for each surfacmicroscope slide was positioned horizontally inside a rectangutant concentration and soil type were fit to Eq.
[1] by a nonlinlar quartz chamber (0.075 m length ϫ 0.075 m height ϫ 0.025 ear, least squares regression procedure (SYSTAT, ver. 5.03). cm depth) on two quartz stands (0.01 m in height). The cham-
The saturated and residual volumetric water contents, s and r , ber was filled with approximately 10 mL of water and sealed were determined from the endpoints of each moisture release with parafilm to maintain high relative humidity within the curve, so that only the parameters ␣ and n were obtained from chamber, and to minimize evaporative losses. A single drop the fitting procedure. A Wilcoxon Rank Sum test procedure of aqueous solution was then formed on the microscope slide (SYSTAT, ver. 5.03) was used to evaluate statistical differusing a micro syringe (Gilmont, Great Neck, NY). A digitized ences between paired soil water retention curves as a function image of the drop was captured using a personal computer of surfactant concentration. The ability of several different connected to the Goniometer apparatus. The contact angle scaling approaches to describe experimental soil water retenwas obtained from this image by adjusting the cross hair of tion curves as a function of surfactant concentration was evaluthe telescope to attain tangency with the drop surface. Images ated by the Root Mean Square Error (RMSE): were captured after an equilibration period of 5 to 10 min, which was sufficient for the shape of the drop to stabilize.
Prior to use, the glass and quartz microscope slides were cleaned with methanol and DI water, soaked in a 5 M HNO 3 solution overnight, and rinsed thoroughly with DI water. For where, M is the measured value, P is the predicted value and the captive air bubble method, the microscope slides were n is the number of measured data points. placed in the quartz chamber, submerged in test solution, and allowed to equilibrate for 24 hr. An air bubble was then formed on the underside of the microscope slide and the contact angle
Analytical Methods
was determined following the procedure described above. For Aqueous-phase concentrations of Triton X-100 were meaeach surfactant concentration and slide, contact angle measuresured with a Hewlett Packard (HP) Model 1100 high performents were performed in duplicate or triplicate.
mance liquid chromatograph (HPLC) equipped with an HP Hypersil ODS column (12.5 cm length ϫ 4 mm i.d., 5 m Soil Water Retention Curves particle size) and diode array detector. Triton X-100 is UV absorbent and was analyzed at a wavelength of 278 nm. The Soil water pressure saturation relationships were deter-HPLC system was operated at a flow rate of 60 mL hr Ϫ1 , mined for F-70 Ottawa sand and Appling soil at surfactant conwith a sample injection volume of 100 L. The mobile phase centrations ranging from 0 to 2.5 g L Ϫ1 and 0 to 0.75 g L Ϫ1 ,
initially contained 20% acetonitrile and 80% water, increased respectively, using a Tempe cell system (Soil Moisture Equipto 100% acetonitrile and 0% water over a period of 3 min, ment Corp., Santa Barbara, CA). Each Tempe cell (0.06 m remained constant for the next 6 min, and decreased to the height ϫ 0.057 m i. (Rosen, 1989) . Above the CMC, the concentration surSanta Barbara, CA), was used to apply pressure to the cells. Pressures ranging from 0 to 10 kPa (0 to 1 m H 2 O) were factant monomers in solution remains constant, while gradually from 12Њ to 25Њ as the surfactant concentration Contact angle measurements as a function of Triton was increased to the CMC (Warr et al., 1984) . The X-100 concentration are presented in Table 1 for both observed changes in contact angle with surfactant conglass and quartz slides. In the absence of surfactant centration were attributed to the formation of an adand electrolyte, measured contact angles ranged from sorbed surfactant monolayer on the quartz surface; the approximately 36Њ to 47Њ, depending on the experimenhydrophobic surfactant moiety oriented outward for tal method and the solid surface. In general, the addition untreated (hydrophilic) quartz and the hydrophilic surof background electrolyte (0.5 g L Ϫ1 NaN 3 ϩ 0.5 g L Ϫ1 factant moiety oriented outward for methylated (hyCaCl 2 ) caused a slight increase in the measured contact drophobic) quartz. Similar conceptual models were preangle. These findings are consistent with data reported sented by Clunie and Ingram (1983) to describe the by Wu et al. (1994) , who determined the contact angle adsorption of nonionic surfactants on polar and nonpobetween DI water and glass powder, on the basis of lar surfaces. thin layer wicking, to be 49Њ and 66Њ in the absence and Several other researchers, however, have observed presence of electrolyte (0.28 g L Ϫ1 CaCl 2 ), respectively.
an increase and subsequent decrease in the contact angle Ethington (1990) also reported contact angles of 29Њ as the concentration of Triton X-100 increased from 0 g and 42Њ for water drops on two different quartz slides. A L Ϫ1 to the CMC. For example, Gonzalez and Travalloninumber of researchers, however, obtained much smaller Louvisse (1989) found that the contact angle between contact angle values, ranging from 2Њ to 7Њ, for water quartz and Triton X-100 solutions increased from 20Њ drops and air bubbles on quartz slides (e.g., Desai et at 0.0001 g L
Ϫ1
, remained constant at 38Њ from 0.002 to al., 1992; Lord et al., 1997b) . The larger contact angle 0.02 g L Ϫ1 , and then decreased to 10Њ at a concentration values reported herein are most likely the results of of approximately 0.1 g L Ϫ1 . Li and Gu (1985) observed differences in the experimental method, cleaning procea similar relationship between concentration of Triton dure and properties of the solid surface, and indicate X-100 and contact angle, which increased to a maximum that the surfaces of the quartz and glass slides were value of 34Њ at 0.05 g L Ϫ1 and then decreased to 5Њ at slightly hydrophobic or weakly water-wetting. This con-1.0 g L Ϫ1 . At low surfactant concentrations, adsorption dition may, in fact, be more representative of natural of Triton X-100 was attributed to interactions between soils, which are likely to contain organic matter and hydrophilic surfactant moiety and silanol or hydoxyl would not be subject to rigorous cleaning. For example, groups on the quartz surface. In this scenario, the hy- Bachmann et al. (2000) obtained advancing contact drophobic tail of the adsorbed surfactant monomer angles values ranging from 22Њ to 94Њ for a sandy soil, would be oriented outward, thereby increasing the conusing a modified sessile drop approach in which a glass tact angle with water. When the concentration of Triton slide was covered with a single layer of soil particles.
X-100 was further increased, the authors proposed that In the presence of Triton X-100 the contact angle interactions between the hydrophobic moieties of surdecreased from approximately 40Њ to 10Њ as the surfacfactant monomers led to the formation of an adsorbed tant concentration increased from 0.001 to 0.15 g L Ϫ1 , surfactant bilayer. Under these conditions, the hydroregardless of the experimental method. At concentraphilic moiety of the surfactant would be oriented outtions greater than 0.15 g L Ϫ1 , which corresponds to the ward, thereby reducing the contact angle with water. measured CMC of Triton X-100, further reductions in These experimental data and proposed explanations are contact angle were not observed. These results are conconsistent with contact angle data obtained in the presence of cationic surfactants (e.g., Desai et al., 1992) . sistent with data reported by Warr et al. (1984) , who Soil Water Retention Curves observed, with the exception of F-70 Ottawa sand at a surfactant concentration of 1.5 g L Ϫ1 . Soil water retention curves for F-70 Ottawa sand and These results demonstrate that the presence of Triton Appling soil measured at Triton X-100 concentrations X-100 significantly altered soil water retention properranging from 0 to 2.5 g L Ϫ1 and 0 to 0.75 g L
, respecties of both F-70 Ottawa sand and Appling soil. The tively, are shown in Fig. 2 . Duplicate capillary pressureobserved changes in soil water characteristics corresoil water saturation experiments (Tempe cells) were spond to independently measured reductions in surface conducted for each soil and surfactant concentration, tension and contact angle as a function of increasing although average values are plotted in Fig. 2 due to the Triton X-100 concentration below the CMC. To account large number of data points. In the presence of Triton concentration dependent changes in surface tension and X-100, soil water retention curves for both F-70 Ottawa contact angle on soil water characteristics, a scaling facsand and Appling soil were significantly different (P Ͻ tor similar in form to Eq. The pressure head scaling factor given in Eq.
[5] was absence of surfactant (Fig. 2a) . Similar behavior was substituted for the pressure head (h) in the van Genuchobserved for Appling soil, although the reductions in ten (1980) equation (Eq.
[1]), to obtain the following volumetric water content were not as dramatic as those capillary pressure-volumetric water content expression. observed for F-70 Ottawa sand (Fig. 2b) . In all but two cases, soil water retention curves determined in the
[6] presence of Triton X-100 were significantly different (P Ͻ 0.1) from one another at surfactant concentrations below the CMC (0.15 g L Ϫ1 ). For surfactant concentrations above the CMC, however, no significant differ-
The relationship between the surface tension-contact ences (P Ͼ 0.05) in soil water retention curves were angle scaling factor (Eq.
[ 5]) and the concentration of Triton X-100 below the CMC is shown graphically in Fig. 3 . Contact angle data obtained for captive air bubbles on glass microscope slides were used to calculate the scaling factors shown in Fig. 3 . Although a slightly non-linear relationship was observed, as a first approximation, the scaling factor was assumed to be linear over a surfactant concentration range of 0 g L Ϫ1 to the CMC (0.15 g L Ϫ1 ). By definition, the pressure head scaling factor is equal to unity in the absence of surfactant, and thus, the scaled van Genuchten (1980) relationship (Eq.
[6]) can be expressed as:
where C is the aqueous concentration of Triton X-100 below the CMC, and is equal to the CMC at concentra- tions equal to and above the CMC, and ␤ is the slope data. Predictions of soil water characteristics using the final approach (Case V), in which a single scaling factor of the linear regression shown in Fig. 3 . As can be seen from Eq. [7] , the term ␣(1 ϩ ␤C) is equal to ␣ at a was employed, were similar to those obtained for Case IV, even though Case V required one less fitting pasurfactant concentration 0 g L Ϫ1 , and is equal to ␣ CMC at the CMC. Thus, if water retention characteristics of rameter.
Results obtained for Appling soil ( Fig. 5a and 5b) a soil are known at the CMC of a surfactant, ␤ can be estimated by fitting the experimental data to Eq. [7] . A were similar to those observed for F-70 Ottawa sand, where predictions based on Case II and Case III led to ␤ value of 4.47 was obtained from the linear regression shown in Fig. 3 . overestimation and underestimation of measured soil water contents, respectively. The degree of underesti-
Comparison of Scaling Approaches
mation for Appling soil (Case III), however, was much less than that observed for F-70 Ottawa sand. Case IV Measured soil water retention curves were described and Case V predictions for Appling soil were virtually using both un-scaled and scaled van Genuchten (1980) identical, and could not be distinguished (Fig. 5b) . These relationships. For the reference case (Case I), each soil findings demonstrate that the single fitting parameter water retention curve was fit to the van Genuchten (␤), Eq.
[7], provided excellent fits to the experimental (1980) equation to obtain unique values of ␣ and n (data data without the need for concentration dependent surshown in Table 2 ). In the second approach (Case II), face tension and contact angle data. the effects of surfactant concentration were ignored and
Results of the RMSE analysis, based on measured soil water retention curves were based on the values of and predicted pressure-saturation data for F-70 Ottawa ␣ and n obtained for the reference electrolyte solution. This approach neglected any dependence of surface tension and contact angle on surfactant concentration, and represents a worst-case scenario in which a single water retention relationship was applied, regardless of surfactant concentration. In the third approach (Case III), the pressure head was scaled using only the measured surface tension ratio ( 0 / 1 ), in a manner similar to that employed by Gillham (1994, 1999) for a 7% butanol solution. In the fourth approach (Case IV), both the surface tension and contact angle relationships were incorporated in the scaling factor as shown in Eq. [5] . The final approach (Case V) was based on the use of a single scaling factor, ␤, determined from soil water retention curves obtained in the absence of surfactant and at the CMC of the Triton X-100 (Eq. [7] ).
Comparisons between measured data and predicted soil water retention curves for F-70 Ottawa sand at surfactant concentrations below (0.075 g L Ϫ1 ) and above (0.75 g L Ϫ1 ) the CMC of Triton X-100 are shown in Fig.  4a and 4b , respectively. When a scaling factor was not included (Case II), predictions of soil water content were much larger than the measured values. In contrast, the use of a scaling factor that included only the surface tension ratio (Case III) resulted in underestimation of soil water content values. Incorporating the combined resulted in greatly improved fits to the experimental ever, the use of a scaling factor that incorporated surface tension and contact angle dependence on surfactant sand and Appling soil, are presented in Fig. 6a and 6b , concentration (Case IV) accurately described soil water respectively, for all surfactant concentrations considretention curves for F-70 Ottawa sand and Appling soil ered. As expected, the reference approach (Case I), in over a wide range of surfactant concentrations. In the which van Genuchten equation was directly fit to each absence of surface tension and contact angle data, a experimental data set, yielded the lowest RMSE values.
simplified scaling factor was developed on the basis of In general, Case II (no scaling) and Case III (scaling a single fitting parameter (␤), derived from pressurewith surface tension only) yielded the highest RMSE water saturation data measured in the absence of surfacvalues. In most cases, use of the combined surface tentant and at the CMC of the surfactant. The simplified sion-contact angle scaling factor (Case IV) gave lower scaling approach provided an efficient means to predict RMSE values than were observed for Case II and III.
soil water characteristics in the presence of Triton Furthermore, the RMSE values obtained for Case IV X-100, and may be applicable to other solute-soil sysand Case V (single fitting parameter, ␤) were similar, tems subject to concentration dependent changes in surindicating that the latter approach provided accurate face tension and contact angle. predictions of soil water characteristics for these surfactant-soil systems.
